LFV couplings of the extra gauge boson Z' and leptonic decay and
  production of pseudoscalar mesons by Yue, Chong-Xing & Cui, Man-Lin
ar
X
iv
:1
40
8.
26
47
v2
  [
he
p-
ph
]  
10
 Se
p 2
01
4
LFV couplings of the extra gauge boson Z ′ and
leptonic decay and production of pseudoscalar mesons
Chong-Xing Yue and Man-Lin Cui
Department of Physics, Liaoning Normal University, Dalian 116029, P. R. China ∗
October 5, 2018
Abstract
Considering the constraints of the lepton flavor violating (LFV) processes µ→ 3e
and τ → 3µ on the LFV couplings Z ′ℓiℓj, in the contexts of the E6 models, the left-
right (LR) models, the ”alternative” left-right (ALR) models and the 331 models,
we investigate the contributions of the extra gauge boson Z ′ to the decay rates of the
processes ℓi → ℓjνℓνℓ, τ → µP and P → µe with P = π0, η and η′. Our numerical
results show that the maximal values of the branching ratios for these processes are
not dependent on the Z ′ mass MZ′ at leader order. The extra gauge boson Z ′X
predicted by the E6 models can make the maximum value of the branching ratio
Br(τ → µνℓνℓ) reach 1.1×10−7. All Z ′ models considered in this paper can produce
significant contributions to the process τ → µP . However, the value of Br(P → µe)
is far below its corresponding experimental upper bound.
PACS numbers: 13.35.-r,14.70.Pw ,13.20.Jf
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1. Introduction
Although most of the experimental measurements are in good agreement with the
standard model (SM) predictions, there are still some unexplained discrepancies and the-
oretical issues that the SM can not solve. So the SM is generally regarded as an effective
realization of an underlying theory to be yet discovered. The small but non-vanishing
neutrino masses, the hierarchy and naturalness problems provide a strong motivation for
contemplating new physics (NP) beyond the SM at TeV scale, which would be in an
energy range accessible at the LHC.
NP may manifest itself either directly at high energy processes that occurred at the
LHC or indirectly at lower energy processes via its effects on observable that have been
precisely measured. Generally, the NP effects may show up at rare processes where the
SM contributions are forbidden or strongly suppressed. Therefore more theorists and
experimentalists have growing interest in the rare decays and productions of ordinary
particles. Such studies may help one to find the NP signatures or constraint NP and
provide valuable information to high energy collider experiments.
An extra gauge boson Z ′ with heavy mass occurs in many NP models beyond the SM
with extended gauge symmetry, for example see Ref.[1] and references therein. Experi-
mentally, Z ′ boson is going to be searched at the LHC [2, 3], although it is not conclusively
discovered so far. However, stringent limits on the Z ′ mass MZ′ are obtained, which are
still model-dependent.
Among many Z ′ models, the most general one is the non-universal Z ′ model, which can
be realized in grand unified theories, string-inspired models, dynamical symmetry breaking
models, little Higgs models, 331 models. One fundamental feature of such kind of Z ′
models is that due to the family nonuniversal couplings or the extra fermions introduced,
the extra gauge boson Z ′ has flavor-changing fermionic couplings at the tree-level, leading
many interesting phenomenological implications. For example, considering the relevant
experimental data about some leptonic processes, Refs.[4, 5] have obtained the constraints
on the lepton flavor violating (LFV) couplings of the boson Z ′ to ordinary leptons and
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further studied their implications. In this paper, we will focus our attention on the extra
gauge boson Z ′, which is predicted by several NP models and has the tree-level LFV
couplings to ordinary leptons, and consider its effects on the pure leptonic decays of the
neutral scalar meson P → µe with P = π0, η and η′ and LFV processes τ → µP ,
µ → eνℓνℓ and τ → µνℓνℓ with ℓ = e, µ or τ . Our program is that we employ the
model-dependent parameters constrained by the experimental upper limits for the LFV
processes ℓi → ℓjγ and ℓi → ℓjℓkℓℓ to estimate the decay rates under consideration.
The rest of the paper is structured as follows: in section 2, we present the interactions
of the extra gauge boson Z ′ with fermions, including the LFV couplings, and give the
constraints of the LFV processes µ→ 3e and τ → 3µ on the Z ′ LFV couplings to ordinary
leptons in the contexts of the E6 models, the left-right (LR) models, the ”alternative”
left-right (ALR) models and the 331 models. Based on the allowed LFV couplings, we
calculate the contributions of the extra gauge boson Z ′ to the decays rates of the processes
ℓi → ℓjνℓνℓ, τ → µP and P → µe with P = π0, η and η′, in sections 3 and 4. Our
conclusions and simply discussions are given in section 5.
2. Constraints on the LFV couplings Z ′ℓiℓj
In the mass eigenstate basis, the couplings of the additional gauge boson Z ′ to the SM
fermions, including the LFV couplings, can be general written as
L = f¯iγµ(giLPL + giRPR)fiZ ′µ + ℓ¯i(gijLPL + gijRPR)ℓjZ ′µ, (1)
where f and ℓ represent the SM fermions and charged leptons, respectively, summation
over i 6= j = 1, 2, 3 is implied, PL,R = 12(1 ± γ5) are chiral projector operators. The
left(right)-handed coupling parameter gL(R) should be real due to the Hermiticity of La-
grangian L. Considering the goal of this paper, we do not include the flavor changing
couplings of Z ′ to the SM quarks in Eq.(1).
Many Z ′ models can induce the LFV couplings Z ′ℓiℓj, in our analysis, we will focus
our attention on the following Z ′ models as benchmark models:
(i) The E6 models, their symmetry breaking patterns are defined in terms of a mixing
3
❅
❅
❅
❅❅
Coupling
Model
E6 LR ALR 331
guL
− cosα
2
√
6
+
√
10 sinα
12
− 1
6
√
2
1
sW
√
1−2s2
W
(−1
6
s2W )
1
2
√
3sW
√
1− 4
3
s2
W
(−1 + 4
3
s2W )
gdL
− cosα
2
√
6
+
√
10 sinα
12
− 1
6
√
2
1
sW
√
1−2s2
W
(−1
6
s2W )
1
2
√
3sW
√
1− 4
3
s2
W
(−1 + 4
3
s2W )
guR
cosα
2
√
6
−
√
10 sinα
12
5
6
√
2
1
sW
√
1−2s2
W
(1
2
− 7
6
s2W )
1
2
√
3sW
√
1− 4
3
s2
W
(4
3
s2W )
gdR
−3 cosα
2
√
6
−
√
10 sinα
12
− 7
6
√
2
1
sW
√
1−2s2
W
(1
3
s2W )
1
2
√
3sW
√
1− 4
3
s2
W
(− 2
3
√
3
s2W )
gνL
3 cosα
2
√
6
+
√
10 sinα
12
1
2
√
2
1
sW
√
1−2s2
W
(−1
2
+ s2W )
1
2
√
3sW
√
1− 4
3
s2
W
(1− 2s2W )
gνR 0 0 0 0
geL
3 cosα
2
√
6
+
√
10 sinα
12
1
2
√
2
1
sW
√
1−2s2
W
(−1
2
+ s2W )
1
2
√
3sW
√
1− 4
3
s2
W
(1− 2s2W )
geR
cosα
2
√
6
−
√
10 sinα
12
− 1
4
√
2
1
sW
√
1−2s2
W
(−1
2
+ 3
2
s2W )
1
2
√
3sW
√
1− 4
3
s2
W
(−2s2W )
Table 1: Left- and right-handed couplings of the SM fermions to the extra gauge boson
Z ′ in units of e
cW
, in which sW = sin θW and cW = cos θW , θW is the Weinberg angle.
angle α. The specific values α = 0, π
2
and arctan(−
√
5
3
) correspond to the popular
scenarios Z ′X , Z
′
ψ and Z
′
η, respectively.
(ii) The LR model, originated from the breaking SU(2)L × SU(2)R × U(1)B−L →
SU(2)×U(1)Y ×U(1)LR with gL = gR, and where the corresponding the Z ′ couplings are
represented by a real parameter αLR bounded
√
2/3 ≤ αLR ≤
√
2. In our calculation, we
will fix αLR =
√
2, which corresponds to pure LR model.
(iii) The Z ′ALR model based on the so-called ”alternative” left-right scenario.
Detailed descriptions of above Z ′ models can be found in Ref.[1] and references therein.
The flavor conserving left- and right-handed couplings gL and gR of the extra gauge boson
Z ′ to the SM fermions are shown in Table 1 [6]. As a comparison, we also include in our
analysis the case of Z ′331 predicted by the 331 models [7]. The couplings of Z
′
331 to the
SM fermions can be unify written as functions of the parameter β [8]. The relevant Z ′331
couplings are also given in Table 1, where we have assumed the parameter β = 1/
√
3 as
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numerical estimation.
In general, the LFV couplings Z ′ℓiℓj are model-dependent. The precision measurement
data and the upper limits on some LFV processes, such as ℓi → ℓjγ and ℓi → ℓjℓkℓℓ
can give severe constraints on these couplings. From Ref.[4], one can see that the most
stringent bounds on the LFV couplings gµeL,R, g
τe
L,R, and g
τµ
L,R come from the processes
µ → 3e, τ → 3e, and τ → 3µ, respectively. So we only consider the contributions of the
extra gauge boson Z ′ predicted by the NP models considered in this paper to these LFV
processes and compare with the correspond experimental upper limits.
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Figure 1: The maximally allowed values of the left- and right-handed couplings gµeL and
gµeR as functions of the Z
′ mass MZ′ for the different Z
′
models.
In the case of neglecting the mixing between Z ′ and the SM Z, the branching ratio
Br(ℓi → ℓjℓj ℓ¯j) can be general expressed as
Br(ℓi → ℓjℓj ℓ¯j) = τim
5
i
1536π3M4Z′
{[2(gjL)2 + (gjR)2](gijL )2 + [(gjL)2 + 2(gjR)2](gijR)2}, (2)
where τi and mi are the lifetime and mass of the charged lepton ℓi, MZ′ is the Z
′ mass.
In above equation, we have ignored the masses of the final state leptons. In our following
numerical calculation, we will take s2W = 0.231, ττ = 4.414 × 1011GeV −1, τµ = 3.338 ×
1018GeV −1, mτ = 1.777GeV and mµ = 0.106GeV [9], and assume that MZ′ is in the
range of 1TeV ∼ 3TeV .
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Figure 2: The maximally allowed values of the left- and right-handed couplings gτµL and
gτµR as functions of the Z
′ mass MZ′ for the different Z
′
models.
Assuming that only of gijL,R is nonzero at a time, we can obtain constraints on g
ij
L,R
from the current experimental upper limits [9]
Brexp(µ→ eee¯) < 1.0× 10−12, Brexp(τ → eee¯) < 2.7× 10−8,
Brexp(τ → µµµ¯) < 2.1× 10−8. (3)
Our numerical results for different Z ′ models are summarized in Fig.1 and Fig.2, in
which we plot the maximally allowed values of the left(right)-handed couplings gµeL,R and
gτµL,R as functions of the Z
′ mass MZ′ . One can see from these figures that the values of
gijL,R are slight different for various Z
′ models. The maximal values of gµeL,R are far smaller
than those of gτµL,R. In the following sections we will use these results to estimate the
contributions of Z ′ to the processes τ → µνℓνℓ, µ → eνℓνℓ with ℓ = e, µ or τ , P → µe,
and τ → µP with P = π0, η and η′.
3. The extra gauge boson Z ′ and the LFV process ℓi → ℓjνℓνℓ
Neutrino oscillation experiments have shown very well that neutrinos have masses
and mix each other [9, 10]. Recently, the T2K experiment has confirmed the neutrino
oscillation in νµ → νe appearance events [11]. Thus neutrino physics is now entering a
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new precise measurement era.
Models Br(τ → µνℓνℓ) Br(µ→ eνℓνℓ)
Z
′
X 1.1× 10−7 5.3× 10−12
Z
′
ψ 6.3× 10−8 3.0× 10−12
Z
′
η 2.8× 10−8 1.3× 10−12
LR 9.8× 10−8 4.7× 10−12
ALR 9.2× 10−8 4.4× 10−12
331 7.1× 10−8 3.4× 10−12
Table 2: The maximum values of the branching ratios Br(ℓi → ℓjνℓνℓ) for various Z ′
models.
Although there are not the relevant experimental data so far, the neutrino data allow
the existence of the LFV processes ℓi → ℓjνℓνℓ with ℓ = e, µ or τ , which have been studied
in specific NP models [12]. From discussions given in section 2, we can see that the extra
gauge boson Z ′ can contribute these LFV processes at tree level. The branching ratios
can be approximately written as
Br(τ → µνℓνℓ) =
∑
ℓ=e,µ,τ
ττm
5
τ
1536π3M4Z′
(gνℓL )
2[2(gτµL )
2 + (gτµR )
2], (4)
Br(µ→ eνℓνℓ) =
∑
ℓ=e,µ,τ
τµm
5
µ
1536π3M4Z′
(gνℓL )
2[2(gµeL )
2 + (gµeR )
2]. (5)
Comparing Eq.(1) with above equations one can see that, if we fix the values of the
LFV couplings Z ′ℓiℓj as the maximum values arose from the current experimental upper
limits for the process ℓi → ℓjℓj ℓ¯j, the branching ratios Br(ℓi → ℓjνℓνℓ) do not depend
on the Z ′ mass MZ′ , their values differ from each other for various Z
′ models. Our
numerical results are given in Table 2. One can see from Table 2 that the maximum
values of Br(τ → µνℓνℓ) are larger than those for Br(µ → eνℓνℓ) at least four orders of
magnitude in the context of these Z ′ models. For the Z ′X model, the maximum value of
Br(τ → µνℓνℓ) can reach 1.1× 10−7.
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If the decay processes ℓi → ℓjνℓνℓ would be accurate measured in future, it might be
used to test different Z ′ model.
4. The extra gauge boson Z ′ and the LFV processes τ → µP and P → µe with
P = π , η and η′
The LFV processes τ → µP with P = π , η or η′ and P → µe are severely suppressed
in the SM, which are sensitive to NP effects, for example see Refs.[13, 14, 15]. Although
these processes have not been observed so far, their current experimental upper bounds
have existed [9, 16]
Br(τ → µπ) < 1.1× 10−7, Br(τ → µη) < 6.5× 10−8,
Br(τ → µη′) < 1.3× 10−7, Br(π → µe) < 3.6× 10−10,
Br(η → µe) < 6.0× 10−6, Br(η′ → µe) < 4.7× 10−4. (6)
It is obvious that the LFV processes τ → µP and P → µe can be induced at tree
level by the extra gauge boson Z ′ considered in this paper. In the local four-fermion
approximation, the effective Hamiltonian is given by
H = 4GF√
2
(
sWMZ
MZ′
)2[gτµL (µ¯γ
µPLτ) + g
τµ
R (µ¯γ
µPRτ)]
∑
q
[gqL(q¯γµPLq) + g
q
R(q¯γµPRq)]. (7)
The relevant hadronic matrix elements that will enter in our calculations are the
following [17]
< P (p) | qγµγ5q | 0 >= −ibpqf qppµ, (8)
where bpq is the form factor, f
q
p is the decay constant of the corresponding meson. For the
meson π0, there are q = u or d, bπu = −bπd = 1/
√
2, fuπ = f
d
π = 130.4 ± 0.2MeV. For the
mesons η and η′, there are q = u, d or s, bη,η
′
u = b
η,η′
d = 1/
√
2, bη,η
′
s = 1, f
u
η = f
d
η = 108± 3
MeV, fuη′ = f
d
η′ = 89± 3MeV, f sη = −111± 6MeV and f sη′ = 136± 6MeV.
Neglecting terms of the order O (mµ/mτ ), the decay widths for the LFV decays
τ → µP with P = π, η, and η′ can be approximately written as
Γ(τ → µP ) = m
3
τ
16π
(L2P +R
2
P )(1−
M2P
m2τ
)2 (9)
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with
LP =
4GF√
2
(
sWMZ
MZ′
)2gτµL [
∑
q
(gqL − gqR)bpqf qp ], (10)
RP =
4GF√
2
(
sWMZ
MZ′
)2gτµR [
∑
q
(gqL − gqR)bpqf qp ]. (11)
Where MP is the mass of the neutral pseudo-scalar meson which are taken as 134.98
MeV, 547.8 MeV and 957.78 MeV for the mesons π0, η and η′, respectively [9]. For the
LFV left- and right-couplings gτµL and g
τµ
R , same as section 3, we also take their maximum
values satisfying the current experimental upper limit for the LFV process τ → 3µ. Then
one can easily obtain the maximal values of the branching ratios Br(τ → µP ), which are
shown in Table 3 for different Z ′ models. Among these Z ′ models, the contribution of Z ′
predicted by the pure LR model to the LFV decay τ → µP is the maximum. However, its
maximal value of the branching ratio Br(τ → µP ) is still lower than the corresponding
experimental upper limit at least by one order of magnitude. So, comparing with the
LFV process τ → µP , the LFV process τ → 3µ can give more serve constraints on these
Z ′ models.
Models Br(τ → µπ) Br(τ → µη) Br(τ → µη′)
Z
′
X 5.1× 10−10 1.4× 10−10 1.4× 10−10
Z
′
ψ 0 9.7× 10−11 2.3× 10−9
Z
′
η 5.6× 10−10 4.2× 10−10 7.2× 10−10
LR 4.0× 10−9 1.1× 10−9 1.1× 10−9
ALR 7.6× 10−11 8.2× 10−11 2.9× 10−10
331 9.5× 10−11 1.7× 10−10 1.1× 10−9
Table 3: The maximal values of the branching ratios Br(τ → µP ) with P = π0, η and η′,
for different Z ′ models.
The general expression of the branching ratio Br(P → ℓiℓj) contributed by the extra
gauge boson Z ′ can be written as
9
Br(P → ℓiℓj) = G
2
Fs
4
WM
4
Z
4πM4Z′
f(x2i , x
2
j )Mpτp(mi +mj)
2
| ∑
p
bqf
q
p (g
q
L − gqR) |2 {(gijL − gijR)2[1− (xi − xj)2]
+
(mi −mj)2
(mi +mj)2
(gijL + g
ij
R)
2[1− (xi + xj)2]}
(12)
with
f(x2i , x
2
j) =
√
1− 2(x2i + x2j ) + (x2i − x2j )2, xi =
mℓi
MP
. (13)
Br(π → µe) Br(η → µe) Br(η′ → µe)
EXP. 3.6× 10−10 6.0× 10−6 4.7× 10−4
Models
Z
′
X 4.2× 10−20 1.1× 10−19 1.1× 10−19
Z
′
ψ 1.2× 10−19 3.0× 10−19 3.1× 10−19
Z
′
η 1.2× 10−19 3.1× 10−19 3.2× 10−19
LR 1.1× 10−19 1.5× 10−19 2.9× 10−19
ALR 2.2× 10−20 5.6× 10−20 5.8× 10−20
331 6.3× 10−20 1.6× 10−19 1.7× 10−19
Table 4: The maximal values of the branching ratios Br(P → µe) with P = π0, η
and η′ for different Z ′ models. The second row represents the corresponding
experimental upper bound.
In the contexts of the various Z ′ models considered in this paper, using above formula,
we can estimate the maximal value of the branching ratios for the LFV meson decays
π → µe, η → µe and η′ → µe. Our numerical results are given in Table 4, in which we
also give the corresponding experimental upper bound. One can see from this table that,
considering the constraints of the experimental upper bound for the LFV process µ→ 3e
on the LFV couplings Z ′ℓiℓj, the contributions of the extra gauge boson Z
′ to the LFV
10
meson decays P → µe are very small. The value of the branching ratio Br(P → µe) is
far below its corresponding experimental upper bound for all of the Z ′ models considered
in this paper.
Certainly, the extra Z ′ also has contributions to the FC meson decays π → e+e−,
η → e+e− and µ+µ−, and η′ → e+e− and µ+µ−. Although these decay processes are not
depressed by the LFV couplings, the contributions of the extra gauge boson Z ′ are also
very small being large Z ′ mass MZ′. We do not show the numerical results here.
5. Conclusions and discussions
Many NP models beyond the SM predict the existence of the extra gauge boson Z ′,
which can induce the LFV couplings to the SM leptons at the tree-level. This kind of new
particles can produce rich LFV phenomenology in current or future high energy collider
experiments, which should be carefully studied. It is helpful to search for NP models
beyond the SM and further to test the SM.
In this paper, we first consider the constraints of the experimental upper limits for the
LFV processes ℓi → ℓjγ and ℓi → ℓjℓkℓℓ on the LFV couplings of the extra gauge boson
Z ′ to ordinary leptons in the contexts of the E6 models, the LR models, the ALR model
and the 331 models. The most stringent bounds on the LFV couplings gµeL,R and g
τµ
L,R come
from the processes µ→ 3e and τ → 3µ, respectively. We find that the values of gijL,R are
slight different for various Z ′ models. The maximal values of gµeL,R are much smaller than
those of gτµL,R. Then, considering these constraints, we calculate the contributions of Z
′ to
the LFV processes τ → µνℓνℓ, µ → eνℓνℓ with ℓ = e, µ or τ , P → µe, and τ → µP with
P = π0, η and η′ in these Z ′ models. Our numerical results show that the maximal values
of the branching ratios for these LFV decay processes are not dependent on the extra
gauge boson Z ′ mass MZ′ at leader order. For the process τ → µνℓνℓ, the Z ′X model can
make the maximum value of Br(τ → µνℓνℓ) reach 1.1 × 10−7. All Z ′ models considered
in this paper can produce significant contributions to the process τ → µP . However,
the values of the branching ratio Br(τ → µP ) are still lower than the corresponding
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experimental upper bounds. The value of the branching ratio Br(P → µe) is far below
its corresponding experimental upper bound for all of the Z ′ models.
The extra gauge boson Z ′, which can induce the LFV couplings to ordinary leptons,
might produce observable LFV signatures at the LHC. In the context of G(221) model,
Ref.[18] has studied the possible signatures of the LFV couplings Z ′ℓiℓj at the LHC and
shown that, under reasonable expectations and conditions, the eµ signal could be used to
test this NP model in near future. If one considers the constraints of the experimental
upper bound for the LFV process µ→ 3e on the LFV coupling Z ′µe, the production cross
section and the number of µe events will be significantly reduced. The final state with a
lepton τ is difficult to reconstruct from its decay products. However, the number of τµ
or τe events is larger than the number of µe events at least by three orders of magnitude.
This case is helpful to test the Z ′ models, which will be carefully studied in near future.
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